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is necessary to point out that this ex-
pansion request is not only due to the
increase in the SRI CAT membership,
but also because of the quality of the x-
ray polarization program that has de-
veloped rapidly in the last several years.
This program would require two inser-
tion devices: Undulator A for hard x-
rays and a new special helical undulator
for the intermediate energy range. With
new crystal optics instrumentation and
special insertion devices, the SRI CAT
polarization program would be the most
advanced and comprehensive program
of this sort at synchrotron radiation fa-
cilities around the world.

In January 1997, the next SRI CAT
meeting will take place. This interest-
ing meeting program will include re-
ports on our accomplishments as well
as discussions of future plans. I would
like to take this opportunity to welcome
all participants of the forthcoming meet-
ing and to wish all of them a happy and
successful New Year

E. Gluskin, SRI CAT Director

ening of the 2-3 arc-second-wide rock-
ing curve. (This width is due to imper-
fect nature of the diamonds.) In addi-
tion, the first set of successful tests have
been performed with a side-cooled high
heat load mirror and water-cooled U-
shape monochromator.

Developments in hard x-ray instru-
mentation were significant because of
the remarkable performance of
Undulator A in the 80-100 keV energy
range, and successful optics tests for use
in 0.1 a.u-resolution Compton scatter-
ing . Also, a dual-helicity phase retarder
that was designed to produce circularly
polarized x-rays at 86 keV has shown
very good performance that was pre-
dicted theoretically.

A novel monochromator with 0.8-
meV resolution at 14.4  keV energy has
been developed, successfully tested,
and used for several high resolution in-
elastic nuclear resonant x-ray scatter-
ing experiments.

The microfocusing technique has
been advanced to better than 0.5 micron
spatial resolution and record efficiency
for 8 keV x-rays.

Overall, achievements in develop-
ment of instrumentation  by SRI CAT
are quite significant and, in many cases,
represent state-of-the-art techniques.

As a very young and healthy orga-
nization, SRI CAT has grown rapidly
in 1996, and all of us were very happy
to accept into our family new members
from faraway Australia and close-by
Purdue & Assoc. But, a growing fam-
ily typically brings a strong demand for
a real estate. Our case is no exception.
Therefore SRI CAT and XFD manage-
ment are considering the expansion be-
yond the three existing sectors. In Janu-
ary, new plans for the development of a
fourth sector will be presented before
the APS Proposal Evaluation Board. It

It is a well established tradition at
the end of the year to summarize the
good things that happened and try to
forecast events for the forthcoming year.
Nineteen ninety six was extremely criti-
cal for SRI CAT because of the begin-
ning of the transition from the construc-
tion phase to operation. Most of the con-
struction activities were successfully
accomplished this year.  Sector 1 con-
struction is nearly 100% completed, at
Sector 2, the level of completion is close
to 70-75%, and Sector 3 is about 85-
90% done. Due to the solid and dedi-
cated performance of each SRI CAT
member, as well as the strong support
of the APS staff and outside contrac-
tors, the planned scope of the construc-
tion of the three sectors will be finished
in the next few months.

In the meantime, SRI CAT techni-
cal staff has used every opportunity
during the experimental runs of the last
year to test new equipment developed
under its strategic instrumentation
plans, and to conduct state-of-the-art ex-
periments at the APS. Several highlights
below reflect only some selected
achievements in the instrumentation
development areas.

In one of the most critical areas for
the whole APS community, high heat
load optics, several important results
have been achieved. Both thin and thick
cryogenically cooled silicon crystals
have shown quite small thermal broad-
ening at closed undulator gaps. Also, a
diamond double crystal monochroma-
tor showed no thermal-induced broad-
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Development of sub-meV
resolution monochromators

High energy-resolution mono-
chromators with ∆E/E less than 10-7

at x-ray energies between 6-30 keV
have been under development in our
CAT since 1992 [1]. Along these
lines, a nested monochromator com-
bining Si (422)-(1064) was developed
to operate at 14.4 keV (57 Fe
Mössbauer resonance energy) with an
energy resolution of 5.5 meV. Later,
using the same principle, a 15 meV
monochromator was developed for
119Sn Mössbauer resonance at 23.87
keV [2]. The ease of tunabality over
a wide energy range (i.e., over 100
eV) made these monochromators suit-
able for both nuclear resonant scat-
tering and inelastic x-ray scattering
programs at the SRI-CAT. Members
of the X-ray Optics group working at
sector 3-ID recently developed a new
version in which, instead of using 4-
bounce nested geometry,  2-bounce
flat asymmetrically cut crystals were
employed. With a combination of two
Si (975) crystals, 0.9-meV resolution
has been obtained at 14.4 keV. This
corresponds to ∆E/E = 6.2 x 10-8.
The flux at this bandpass was 4 x 108

ph/s. We have used this monochro-
mator to measure the phonon density
of states of iron metal at room tem-
perature. The experimental setup, raw
data as obtained via the inelastic
nuclear resonant scattering technique
[3], and the phonon density of states
are shown in Figure 1.

Measurement of Phonon
Density of States in Thin
Films at the Advanced
Photon Source

Advances in electronic data storage,
computers, and telecommunications
devices depend on a better understand-
ing of atomic-level two-dimensional
structures of materials. These structures

Fig. 1  A schematic of the 0.9 meV monochromator is shown at top.  The raw data, as
obtained from inelastic nuclear resonant scattering measurement are shown in the middle
figure. The energy axis is derived from the angular position of the two crystals. The bottom
figure shows the phonon density of states derived from the the raw data. The solid line is a
theory curve obtained by using a Born-von Karman  analysis to force constants obtained
from coherent neutron scattering measurements (courtesy of Prof. B. Fultz, California
Institute of Technology).

Recent Nuclear Resonant Scattering Experiments
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include thin films, materials surfaces,
interfaces, and artificially layered struc-
tures.

Case in point:  The study of thin
films is essential to the development of
new magnetic data-storage media.  It is
known that the bulk properties of ma-
terials are modified when they are pre-
pared in thin-film form.  Changes must
be measured in order to synthesize films
with the desired properties.  These stud-
ies seek to characterize the atomic struc-
ture of thin-film materials by measur-
ing the vibrational frequencies that are
determined by the mass of the material’s
atoms (the atomic weight) and the stiff-
ness of the springs (the bond-force con-
stants) that connect the atoms that make
up the material.

Because of the small amount of
material in each sample under exami-
nation (micrograms or less), techniques
like inelastic neutron or x-ray scatter-
ing have been difficult to apply. The
other available techniques, infrared and
Raman spectroscopy, probe only the
center of the Brillouin zone due to the

low energy and momentum of the inci-
dent photons, so they only probe a small
fraction of the vibrational states.

High brightness synchrotron radia-
tion sources, such as the Advanced Pho-
ton Source, generate tunable, monochro-
matic x-ray beams that resolve to a few
meV. Using the grazing incidence ge-
ometry, these beams permit measure-
ment of phonon density of states by in-
elastic nuclear resonant scattering. This
is possible if the angle of incidence is
close to the critical angle of the film. The
yield may be further improved by choos-
ing a backing with high electron den-
sity and can reach close to that of bulk
materials (see Figure 2).

The members of the APS X-ray Op-
tics Group, using the 3-ID beamline at
the APS, have measured the Fe partial
phonon density of states of two amor-
phous films of FexTb1-x, with x=0.5
and 0.82, each with thickness of 17.5
nm (courtesy of Prof. W. Keune of the
University of Duisburg, Germany). The
results suggest a softening of thermal vi-
bration (or phonon) modes for the film

with the smaller iron content.
The possibility of measuring the

phonon modes in thin films brings the
opportunity of studying phonon con-
finement in reduced dimensional sys-
tems and leads to a better understand-
ing of thermal and elastic properties of
thin films.  E. E. Alp, W. Sturhahn, T.
Toellner, R. Roehlsberger, K. Quast, M.
Hu, J. Sutter and P. Hession, APS Ex-
perimental Facilities Division
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Fig. 2  A schematic of the thin film measurments. The incident beam is monochromatized to 5.5 meV level going
through the nested monochromator.  The grazing incidence angle is adjusted to increase the yield of the 6.4 keV
fluorescence signal. The bottom figure is the Fe partial phonon density of states derived from the data.
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Introduction

A survey of the APS users con-
ducted at the beginning of the year in-
dicated that close to 50 mirrors were to
be used in APS beamlines.  These will
be used for harmonic rejection, focus-
ing, power filtering, or beamline
branching.  Presently, approximately
one third of the mirrors have been or-
dered, and about a quarter of these 50
mirrors has been received.

State-of-the-art mirror polishing can
render surfaces with a sub-angstrom
roughness and a sub-microradian rms
slope error on small flat substrates of
several centimeters in size.  As the sub-
strate size increases, or its shape differs
from flat (particularly for higher-order
surface profiles), the achievable opti-
cal quality diminishes.  Substrate ma-
terial and the vendors’ polishing tech-
nique and expertise are also important
parameters in determination of a
mirror’s quality.

Before being shipped, mirrors are
often evaluated by the vendor as part
of their quality-assurance process. The
Metrology Laboratory at the APS al-
lows for an independent measurement
of figure and finish (i.e., slope error and
microroughness) as part of the end
user’s acceptance criteria.  The APS
Metrology Laboratory (APS-ML) con-
sists of three noncontact optical instru-
ments located in a cleanroom with a
tightly controlled environment.  Surface
microroughnesses on the order of 1 Å
rms and slope errors of 1 µrad can be
measured with this facility (a detailed
description was given in reference 1).

In this article, a basic description of
the instruments is presented with the
surface qualities of mirrors measured to
date.  Finally, some future develop-
ments are outlined.

The Metrology Laboratory

Instruments

The laboratory has three different
instruments to characterize optical sur-
faces over a range of spatial periods
from a few microns up to 2 meters.
These instruments are:
•  Long Trace Profiler (LTP).  The LTP

is an instrument designed to measure
slope error and curvature of optical
surfaces up to 2 m long.  It has a sen-
sitivity of 0.1 µrad in slope and 5Å
in height, and a reproducibility of
better than 0.5 µrad rms.  Because
of its speed, it offers a rapid and ac-
curate means of evaluating the per-
formance of a mirror bending
mechanism.  The APS LTP allows
measurements of a surface profile of
a mirror in either the horizontal or
vertical direction.  Measurement in
the horizontal direction is often de-
sirable in order to eliminate gravita-
tionally induced figure distortion.

•  TOPO Surface Profiler.  The TOPO
is a microscope-based instrument
that uses visible-light (6303Å) inter-
ferometry to measure surface rough-
ness on the order of 1Å.  The TOPO
profiler can use either a 3D or 2D
detector and is currently equipped
with three objectives, 1.5 x, 5x, and
40x.  Here, 2D refers to the surface
height of a line profile.  The 3D de-
tector is used when a profile of a
surface area (of a few mm2 depend-
ing on the objective) is needed with
a minimum resolvable height of 3 Å.
The 2D detector obtains a line scan
with a resolution of 1 Å along a line
up to a few millimeters long, depend-
ing on the objective (e.g., 2.05 mm
for a 5x objective).  The output data
can include contour maps, 3D maps,
2D data slices, step-height analysis,
power spectral-density and
autocovariance functions, and ampli-
tude histogram plots. The TOPO sys-
tem is designed to handle mirrors up
to 1.5 m long and 90 Kg in weight.

• WYKO 6000 Figure Interferometer.
The WYKO-6000 measures the flat-
ness of optical surfaces interfero-
metrically by a technique similar to
that of  the TOPO.  It is used for
probing optical surfaces up to 6” in
diameter (or large optics at grazing
incidence angles), and can generate
3D profiles of optical surfaces, 2D
slices, and Seidel aberration coeffi-
cients.
All these instruments are currently

operational.  Various modifications of
the basic systems are being developed
for ease of operation and to improve
handling of large optics.

We plan to install a fourth instru-
ment that has both a scanning probe
microscope (SPM) and a near-field
scanning optical microscope (NSOM)
capability.  The SPM has both scanning
tunneling microscope (STM) and
atomic force microscope sensors.
These microscopes can be used to ob-
tain topographic maps of surfaces with
vertical and lateral resolutions of a frac-
tion of an angstrom.  For metrology pur-
poses, these microscopes are very use-
ful for surface roughness measure-
ments.  Although the scanned profile
lengths are much smaller than needed
in order to correlate the SPM  measure-
ments with measurements of conven-
tional noncontact profilers, the SPM can
be used to understand surface topogra-
phy better on the atomic scale and re-
late it to light scattering.  In addition,
the results can be used to improve meth-
ods for making optical surfaces.

Environment

The APS-ML is located in a class-
10,000 cleanroom in the APS experi-
ment hall.  Mirror handling requires
special cleanroom garment and shoe
covers, and access to cleanrooms is re-
stricted when measurements are per-
formed.

To ensure repeatability and accuracy
of the instruments, the room tempera-
ture stability is controlled to better than

The APS Metrology Laboratory and Recent Results
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+/- 0.5 °C and is regularly monitored.
All instruments are mounted on air
tables to minimize the effect of vibra-
tions and have the capability of handling
large and heavy optics up to 2 m in
length and 90 Kg in weight.

Surface quality of mirrors
measured to date

In the past two years, seven mirrors,
some up to 1.2 m long, have been evalu-
ated in the APS-ML. Two more mirrors
(both from ZEISS Corp.) have been
delivered recently: a 1.5 m collimating
mirror for beamline 1-BM [2], and a
0.8-m-long cylindrical (bendable) mir-
ror for beamline 3-ID [3].  Surface
microroughnesses ranging from 1 to 4
Å and slope errors ranging from 1 to 4
µrad have been characterized and found
to be consistent with the vendors’ mea-
surements.  To avoid bias, the vendor’s
data are obtained after all metrology
measurements are completed and ana-
lyzed.  The results are presented in Table
1 below.  These mirrors have been de-
signed and procured by members of
SRI-CAT [4-9] and SBC-CAT [10]  To
date, all of the mirror substrates have
been made of either silicon or Zerodur.
Most surfaces have at least one reflec-
tive coating; platinum and rhodium are
typical reflecting materials.  For slope
error measurement, several lines are
typically scanned across the surface of
the mirror.  In order to minimize instru-
mental  noise, each line is scanned at
least five times, then the scans are av-
eraged.  Figures 1a, 1b and 1c show a
typical output from the LTP.  The re-
sults are for the 2-ID high-heat-load
mirror (see Table 1).  Figure 1a shows
the slope error profile obtained by av-
eraging five scans on the mirror center
line.  Figure 1b gives the correspond-
ing height profile obtained by integrat-
ing the slope error profile.  Figure 1c
shows the power spectral density of the
derived average height profile.  The
power spectral density is useful for
computing the rms statistics over a se-
lected spatial frequency bandwidth.
This allows one, for example, to sepa-
rate “mid-frequency ripple” from over

Fig. 1.  Example LTP output.  Shown are results for the high-heat-load
M1 mirror for beamline 2-ID: (a) slope error profile obtained by aver-
aging 5 scans along the mirror center line, (b) corresponding height
profile, obtained by integrating the slope error profile, (c) power spec-
tral density of the derived average height profile.  The mirror is 1.2 m
long and has a slope error of 2.2 µrad rms.  The corresponding rms
height is 0.21 µm, over a 1100 mm aperture.

(a)

(b)

(c)
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Power spectral density

It is well known that scattering is
the main effect of the imperfect surface
finish of optical surfaces.  The ampli-
tude of the scattering depends on the
power spectral density (PSD) of the sur-
face roughness, which gives heights or
slope error distribution as a function of
their spatial frequencies. For a one-di-
mensional profile, the PSD can be writ-
ten [12]:

where L is the profile length, f is the
spatial frequency, and Z (x) is the height
at a position x.

An interesting feature of the PSD is
the fact that surface statistics param-
eters, such as rms roughness, rms slope
error and rms curvature, can be derived
from it by evaluating its first, second,
and fourth moments, over a selected

spatial frequency bandwidth.  The PSD
curve can also be used to predict the
absolute intensity and shape of the
angle-resolved scattering curve at x-ray
wavelengths, and its value can be di-
rectly related to the amount of light
scattered into a given solid angle over
a defined bandwidth.

Future developments

Currently, we are working on the
following ways to enhance the capabil-
ity and performance of the APS-ML:
•  Refinement of mirror measurement

procedures and preparation of stan-
dardized results documents.

•  Development and maintenance of the
mirror measurements database. For
future reference and design consid-
erations, a mirror measurement da-
tabase is being developed.  The da-
tabase will  contain a variety of in-
formation, including metrology re-
sults, design parameters and speci-
fications.

all surface figure.  Further discussion
on the usefulness of the power spectral
density calculation is given below.

To check the consistency of the
measurements, the mirror is usually ro-
tated 180°, and the process is repeated.
It is sometime desirable to have a 3D
profile of an optical surface. This can
be done by scanning a large number of
lines on the surface and then connect-
ing the resulting profiles in the trans-
verse direction to generate a 3D profile
of the mirror’s surface. This is useful,
for example, to predict the performance
of a mirror using a ray-tracing code such
as SHADOW [11].

Optical surface roughness is typi-
cally measured on several sites chosen
randomly to avoid periodicity due to the
manufacture’s polishing technique.
Before measurements, the TOPO is
checked for calibration and repeatabil-
ity.  As with the LTP, each site is mea-
sured several times, and the results are
averaged to minimize error due to the
system’s noise.

Table 1.   Metrology results of mirrors delivered and characterized to date.   ∆a is the rms slope error,
 ∆z is the rms roughness, and R is the radius of curvature.

S f( ) =
lim

L → ∞
〈2

L
L exp i2 fx( )− L

2

+ L
2∫ Z x( )dx 2〉
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•  Further improvement of the metrol-
ogy environment (air flow, vibra-
tion, and temperature stability) in
order to achieve better instrument
repeatability.

•  Installation of the NSOM-SPM sys-
tem.

•  Other plans under consideration in-
clude: (1)  develop in-situ measure-
ment techniques, (2)  develop x-ray
characterization techniques for mir-
rors, in order to establish correlation
with measurements obtained by con-
ventional visible light instruments,
(3) establish, in a collaboration with
other facilities, a calibration stan-
dard for the LTP, (4) investigate pol-
ishing requirements and techniques
to preserve the coherence of the high
brilliance x-ray beam reflected from
x-ray mirrors, (5) establish a close
interaction between the APS-ML
and the optical fabrication facility in
order to improve mirror polishing
technique.
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